
Experimental and coupled-channels investigation of

the radiative properties of the N2 c
0
4
1Su

+ � X 1Sg
+ band

system

Xianming Liu,1 Donald E. Shemansky,1 Charles P. Malone,2 Paul V. Johnson,2

Joseph M. Ajello,2 Isik Kanik,2 Alan N. Heays,3 Brenton R. Lewis,3 Stephen T. Gibson,3

and Glenn Stark4

Received 31 August 2007; revised 28 September 2007; accepted 6 November 2007; published 14 February 2008.

[1] The emission properties of the N2 c
0
4
1Su

+ � X 1Sg
+ band system have been investigated

in a joint experimental and coupled-channels theoretical study. Relative intensities of the
c04

1Su
+(0) � X 1Sg

+(vi) transitions, measured via electron-impact-induced emission
spectroscopy, are combined with a coupled-channel Schrödinger equation (CSE) model of
the N2 molecule, enabling determination of the diabatic electronic transition moment for
the c04

1Su
+ � X 1Sg

+ system as a function of internuclear distance. The CSE rotational
transition probabilities are further verified by comparison with a high-resolution
experimental spectrum. Spontaneous transition probabilities of the c04

1Su
+ � X 1Sg

+ band
system, required for modeling atmospheric emission, can now be calculated reliably.
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1. Introduction

[2] Molecular nitrogen is the major component of the
atmospheres of the Earth, Titan and Triton. The N2 airglow
emissions from the atmospheres of the Earth [Morrison et
al., 1990; Meier, 1991; Feldman et al., 2001; Strickland et
al., 2004a, 2004b; Bishop et al., 2005, 2007] and planetary
satellites [Broadfoot et al., 1989; Liu et al., 2005b] have
been observed extensively. The interpretation and modeling
of atmospheric excitation of N2 by photons and photo-
electrons requires accurate and comprehensive information
on line positions, oscillator strengths, transition probabilities
and predissociation rates.
[3] Nitrogen is the fifth most abundant element in the

universe. Its presence in the interstellar medium is thought
to be mostly in molecular form, although this belief has
been questioned recently by Maret et al. [2006]. The
abundance of N2 in the interstellar medium is poorly known
due to the lack of allowed pure rotational and vibrational
transitions in this homonuclear molecule. It is only recently
that an electronic transition of N2 has been detected in the
interstellar medium, namely the strong c04

1Su
+(0) � X 1Sg

+(0)

band [Knauth et al., 2004]. In comets, the inferred N2

abundance is very low and the nitrogen elemental abun-
dance is smaller than the solar value [Cochran et al., 2000;
Iro et al., 2003].
[4] Strong dipole-allowed transitions of N2 in the extreme

ultraviolet (EUV) region arise from the ground X 1Sg
+ state

to singlet ungerade excited states, which consist of two
valence states, b0 1Su

+ and b 1Pu, and three Rydberg series,
nps, npp and nss. The nps and npp series, both converging
to the X 2Sg

+ state of N2
+, are usually labeled as c0n+1

1Su
+ and

cn
1Pu, while the nss series, converging to the N2

+ A 2Pu

state, is usually designated as on
1Pu. The spectrum of the

singlet ungerade states displays many irregularities in both
ro-vibronic energy levels and intensity distribution. Stahel
et al. [1983] showed that homogeneous interactions within
the 1Su

+ and 1Pu manifolds, primarily of the Rydberg-
valence type, are the cause of most of the irregularities.
Spelsberg and Meyer [2001] carried out ab initio calcula-
tions on the three lowest members of the 1Su

+ and 1Pu

manifolds by introducing coupling that varies with internu-
clear distance, and achieved much better agreement with
experimental results. Carroll and Yoshino [1972] analyzed
the interaction between the c0n+1

1Su
+ and cn

1Pu series with
L-uncoupling theory. Helm et al. [1993], Edwards et al.
[1995], Ubachs et al. [2001], and Sprengers et al. [2003]
extended the work of Stahel et al. [1983] by introducing the
Rydberg p-complex 1Su

+ � 1Pu heterogeneous interaction.
More recently, Lewis et al. [2005a, 2005b] and Haverd et al.
[2005] considered additional interactions between the sin-
glet and triplet Pu

f states within a coupled-channel Schrö-
dinger equation (CSE) model which has succeeded in
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explaining quantitatively the N2 predissociation mechanism
for the first time.
[5] Transitions to the valence states, b0 1Su

+ and b 1Pu,
and to the lowest members (n = 3) of the Rydberg series (c04
1Su

+, c3
1Pu, and o3

1Pu) carry the largest oscillator strengths
in N2 neutral transitions. They have been investigated
extensively by many experimental techniques, including
photoabsorption [Carroll and Collins, 1969; Carroll et al.,
1970; Yoshino et al., 1975, 1979; Yoshino and Tanaka 1977;
Stark et al., 1992, 2000, 2005], low-pressure discharge
emission [Roncin et al., 1998, 1999], electron-energy-loss
[Geiger and Schröder, 1969; Trajmar et al., 1983; Chan et
al., 1993; Khakoo et al., 2007] electron-impact-induced
emission [Ajello et al., 1989, 1998; James et al., 1990;
Shemansky et al., 1995; Liu et al., 2005a], synchrotron-
radiation-induced fluorescence [Gürtler et al., 1977; Oertel
et al., 1981; Wu et al., 2007], and nonlinear laser techniques
[Kam et al., 1989; Helm and Cosby, 1989; Helm et al.,
1993; Walter et al., 1993, 1994, 2000; Levelt and Ubachs,
1992; Ubachs et al., 1989, 2000; Sprengers et al., 2003,
2004a, 2005; Sprengers and Ubachs, 2006]. These inves-
tigations have shown that strong coupling among the singlet
states results in major energy-level and intensity perturba-
tions, and that significant predissociation occurs for many of
the excited levels.
[6] The excitation of the N2 Carroll-Yoshino (CY) c04

1Su
+(0) � X 1Sg

+ system plays an important role in establish-
ing the states of the nitrogen-rich planetary atmospheres.
The N2 c

0
4
1Su

+(0) � X 1Sg
+(0) band has the largest electron

excitation and emission cross sections in the EUV region
[Ajello et al., 1989]. The excitation of this system is the
major absorber of energy in N2, and the dispersal of this
energy plays a critical role in establishing the state of the
atmosphere. Predissociation in the CY system radicalizes
the state of nitrogen in the atmosphere. Multiple scattering
in the (0,0) band drastically reduces the photon flux
escaping from the excited volume, leaving most of the
energy deposited locally. For this reason, the (0,0) band is
observed to be weak in all of the nitrogen dominated
atmospheres, including Titan [Strobel and Shemansky,
1982; Hall et al., 1992; Liu et al., 2005b], Triton [Broadfoot
et al., 1989], and Earth [Zipf and McLaughlin, 1978;
Morrison et al., 1990; Stevens et al., 1994; Feldman et
al., 2001; Bishop et al., 2005, 2007]. In contrast, the
brightness of the N2

+ B 2Su
+ � X 2Sg

+ band system, having
�3 times larger 100 eV excitation cross section from the N2

X 1Sg
+(0) level, is frequently observed in the kilo-Rayleigh

range [Romick et al., 1999], and is used as an emission
standard. It is clear that non-radiative losses of the excited
singlet ungerade states, via dissociation, predissociation,
and multiple scattering, dominate in excited N2 atmos-
pheres. Thus interpretation of airglow observations depends
critically on both the radiative and non-radiative properties
of the c04

1Su
+(0) � X 1Sg

+(vi) transitions.
[7] Radiative parameters for the singlet ungerade states

of N2, except for those involving the vi = 0 level of the X
1Sg

+ state, have not been established definitively. Most
experimental measurements have been confined to absorp-
tion cross sections for the discrete transitions from the X
1Sg

+(0) state [Watanabe and Marmo, 1956; Lawrence et al.,
1968; Carter, 1972; Gürtler et al., 1977; Chan et al., 1993].
The high-resolution photoabsorption measurements of Stark

et al. [1992, 2000, 2005] have established accurate line
oscillator strengths for many vibrational bands of the b0 1Su

+,
b 1Pu, c

0
4

1Su
+, c3

1Pu and o3
1Pu � X 1Sg

+(0) transitions.
Because of the strong ro-vibronic coupling among the
ungerade levels, the experimental oscillator strengths show
strong dependences on the rotational quantum number, and
the P-, Q-, and R-branch ratios for many bands deviate
significantly from Hönl-London-factor-based predictions.
Radiative parameters, such as transition probabilities,
between the singlet ungerade levels and vibrationally
excited levels of the X 1Sg

+ state, however, are generally
unavailable. Although the photoabsorption of vibration-
ally excited N2 prepared in a discharge has been
reported [Verma and Jois, 1984], no accurate intensity
measurements for transitions involving the vi > 0 levels
of the X 1Sg

+ state are available, presumably because of
difficulty in quantifying the relative populations of the vibra-
tionally excited states. While the discharge-emission work of
Roncin et al. [1998, 1999] is extremely valuable for the
determination of accurate line positions and energy term
values, it yields very little information on emission proper-
ties, primarily due to the optically thick nature of the experi-
ments. While emission cross sections from some vj levels of
the ungerade states have been measured in low-resolution
electron-impact experiments [Ajello et al., 1989; James et al.,
1990], these measurements suffered from spectral blending
and uncertainties in the calibration of spectrometer sensitiv-
ity, and are thus not sufficiently reliable.
[8] Using semi-empirical techniques, Stahel et al.

[1983] obtained vertical transition moments for excitation
of the b0 1Su

+, c04
1Su

+, c5
0 1Su

+, b 1Pu, c3
1Pu and o3

1Pu

states from the X 1Sg
+(0) ground-state level. Ab initio

transition moments for these band systems have been
calculated recently by Spelsberg and Meyer [2001], over a
wide range of internuclear distance R. For the most part, the
magnitudes of the ab initio moments for vertical transitions
agree fairly well with those obtained by Stahel et al. [1983],
but there is a serious discrepancy in the case of the o3

1Pu �
X 1Sg

+ transition, including the sense of its interference
effect with the b 1Pu � X 1Sg

+ transition [Lewis et al.,
2005a]. Furthermore, Sprengers et al. [2004a] and Haverd
et al. [2005] noted that the Spelsberg and Meyer [2001]
transition moments yield greater oscillator strengths for
transitions to the b 1Pu, c3

1Pu and o3
1Pu states than the

corresponding experimental values of Stark et al. [1992,
2005]. On the basis of the experimental photoabsorption
oscillator strengths of Stark et al. [2005], Haverd et al.
[2005] constructed a set of linearly R-dependent diabatic
transition moments for the b 1Pu � X 1Sg

+, c3
1Pu � X 1Sg

+,
and o3

1Pu � X 1Sg
+ band systems of N2, valid for 1.05 Å <

R < 1.20 Å.
[9] The present paper reports a combined experimental

and theoretical investigation of the c04
1Su

+ � X 1Sg
+ band

system. The experiments focus specifically on the measure-
ment of relative intensities for the c04

1Su
+(0) � X 1Sg

+(vi)
bands, using electron-impact-induced emission spectros-
copy. The theoretical study, guided by the experimental
relative intensities, together with the high-resolution pho-
toabsorption oscillator strengths of Stark et al. [1992,
2000, 2005], employs a CSE model of electronic-state
interactions in N2 to determine the diabatic transition
moment and spontaneous transition probabilities for the
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c04
1Su

+(0) � X 1Sg
+ system. The reliability of the calculated

line transition probabilities is verified in detail by compar-
ison with our experimental high-resolution spectra of the
c04

1Su
+(0) � X 1Sg

+(vi = 0�2) bands.
[10] The present experiments represent a continuation of,

and, more importantly, a refinement of those reported by
some of us [Ajello et al., 1989, 1998; James et al., 1990;
Shemansky et al., 1995; Liu et al., 2005a, 2005b] over the
last 18 years. The high-resolution measurements enable
detailed examination and removal of the contributions of
some overlapping spectral transitions. The more precise
instrumental spectral sensitivity calibration using the e+H2

standard [Liu et al., 1995, 2002, 2003; Abgrall et al., 1997;
Jonin et al., 2000], developed in the past 12 years, results in
much more accurate relative intensity measurements. The
improvement in the sensitivity of the system enables relative
intensities to be measured under optically thin conditions.
The results of the present investigation are also timely, as
the recent theoretical investigations of Lewis et al. [2005a]
and Haverd et al. [2005], using the CSE method, have
successfully reproduced experimental oscillator-strength
values and predissociation rates for various rotational levels
of the low vj levels of the b 1Pu, c3

1Pu and o3
1Pu states.

The present extension of the CSE model to include a
consideration of the 1Su

+ states, informed by the current
experimental measurements, leads to a reliable determina-
tion of the diabatic c04

1Su
+ � X 1Sg

+ electronic transition
moment, thus enabling the extensive calculations of the N2

radiative parameters that are needed for modeling data from
Far Ultraviolet Spectroscopic Explorer (FUSE) observation
of the Earth dayglow [Feldman et al., 2001; Bishop et al.,
2005, 2007] and Cassini UVIS observations of Titan [Liu et
al., 2005b].

2. Experiment

[11] The major components of the experimental setup
have been described in detail by Liu et al. [1995, 2005a],
with the exception of the improvements described below.
The system consists of a 3-m spectrometer (Acton VM-523-
SG) and an electron collision chamber. Electrons generated
by heating a thoriated tungsten filament are magnetically
collimated by an axially symmetric magnetic field of
�100 G and accelerated to a kinetic energy of 20 or
100 eV. Horizontally accelerated electrons collide with
either a vertical beam of N2 gas formed by a capillary array
(cross beam mode) or with a uniform swarm of N2 gas
(swarm mode). In the cross beam mode, the cylindrical
interaction region is �3 mm in length and �2 mm in
diameter. Optical emission from electron-impact-excited
N2 is dispersed by the spectrometer that is equipped with
a 1200 grooves mm�1 grating. The spectrometer has an
aperture ratio of f/28.8 and a field of view of 3.8 mm
(horizontal) by 2.4 mm (vertical). The dispersed radiation is
detected with a channel electron multiplier coated with CsI.
A Faraday cup is utilized to monitor the beam current and to
minimize the backscattered electrons. A calibrated ioniza-
tion gauge is used to monitor the N2 pressure in the collision
chamber.
[12] Several improvements have been made since the

work of Liu et al. [2005a]. In the previous work, a 1200
grooves mm�1 grating coated with Al+MgF2 was used. In

the present experiment, a custom-coated B4C concave
grating with 1200 grooves mm�1) is utilized. The new
grating, 104 � 65 mm in size, was blazed at 1200 Å with
an angle of 4�70. It has an efficiency in first order of 38.2%,
38.6% and 37.6% at 920, 1025 and 1215 Å, respectively. In
comparison with the previously used Al+MgF2 coating, the
B4C coating increases the sensitivity by a factor of 4 to
1.6 in the 800 Å to 1150 Å region. Near 960 Å, where the c04
1Su

+(0) � X 1Sg
+(0) transition occurs, the estimated sensi-

tivity enhancement is on the order of 2.5. The improvement
in sensitivity allows the measurement to be made at signif-
icantly lower N2 sample pressures than those of Liu et al.
[2005a] and Ajello et al. [1989] (discussed below). Changes
have also been made to the data acquisition system so that it
simultaneously records spectral signal, Faraday cup current
and sample pressure at each data point.
[13] Minimizing self-absorption of the N2 emission is

extremely important for accurate relative intensities. The
large oscillator strength and blended rotational transitions of
the c04

1Su
+(0) � X 1Sg

+(0) band require that the measurement
be carried out at very low pressures. Several difficulties
were encountered in the cross-beam measurement. First, the
cross-beam configuration introduces a large pressure gradi-
ent in the collision region. In addition, the gas pressure
cannot be directly measured at the interaction region. Thus
the ionization gauge reading, measured down stream, is a
relative pressure measurement. Finally, the pressure gradi-
ent along the line of sight makes it difficult to reliably
estimate the effective foreground column density of the N2

emission. The present work finds that the column densities
of Liu et al. [2005a] and Ajello et al. [1989] and, therefore,
resonance absorptions, were both underestimated.
[14] To overcome these difficulties with the cross-beam

technique, relative intensity measurements were also carried
out in swarmmode, where N2 gas was slowly introduced into,
and continuously pumped out of, the collision chamber.
Measurement was commenced after a steady equilibrium
pressure reading was obtained. While small fluctuations in
the N2 pressure took place during the measurement, they are
inconsequential as the pressure at each data point was
recorded, along with spectral signal and current, allowing
data to be corrected for these fluctuations. The uniform
pressure in swarm mode and the absolute pressure reading
from the calibrated ionization gauge enable a reliable deter-
mination of the N2 foreground column density from the
optical path (�11 cm).
[15] Several e+N2 emission measurements, at low and

high resolution, were carried out at various pressures. A few
relative intensity measurements were made with a full-width
at half-maximum (FWHM) resolution of �0.3 Å, in 0.032 Å
increments from 935 to 1030 Å. Cross-beam measurements
at N2 background pressures of �6.7 � 10�6, �3.5 � 10�6

and �1.4 � 10�6 Torr, and swarm-mode measurements at
�4.7 � 10�6, �2.5 � 10�6 and �1.1 � 10�6 Torr were
carried out. For the c04

1Su
+(0) � X 1Sg

+(0) band, only the
swarm measurements at �2.5� 10�6 and �1.1� 10�6 Torr
were found to be sufficiently optically thin. On the basis of
the (0,0) versus (0,1) band relative intensity measurements at
different pressures and configurations, it was found that the
cross-beam configuration at �1.4 � 10�6 Torr, utilized for
most relative intensity measurements, resulted in a maximum
self-absorption of �3% for the (0,0) band.
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[16] The wavelength scale of the measured N2 emission
spectrum was established by assuming a uniform wave-
length increment and by using the experimental energy
levels reported by Roncin et al. [1998, 1999]. The mechan-
ical limitations of the scanning system and slight tempera-
ture fluctuations in the spectrometer environment (±0.4�C)
during the scan cause non-uniform wavelength drift. The
largest wavelength drift, as measured from the extremes, is
�16 mÅ, depending on experimental conditions. The drift
is noticeable in high-resolution scans with very long (>300 s
per channel) integration times. Except for the high-resolu-
tion measurement of the (0,1) band, most of the data were
taken with a typical integration time of 5 s per channel and a
total of between 30 and 120 repetitive scans across the
wavelength region of interest. Data were corrected for the
pressure and current variations at each point, followed by
summation of the individual scans. High-resolution mea-
surements over short wavelength regions at significantly
higher pressure were also made for the (0,1) and (0,2)
bands. A spectral resolution of �33–36 mÅ FWHM was
obtained in the high-resolution measurements by operating
the spectrometer in second order with �20 mm slit widths.
The wavelength increment was either 4 or 8 mÅ.
[17] An electron-impact-induced emission spectrum of H2

was also taken to determine the variation of the instrumental
spectral sensitivity. The e+H2 calibration standard and
procedure have been discussed in detailed by Liu et al.
[1995], Abgrall et al. [1997], and Jonin et al. [2000]. Since
these descriptions were published, significant refinements in
the e+H2 calibration standard have been made, including
more accurate accounting for the cascade excitation of the
B0 1Su

+, C 1Pu, B
0 1Su

+, and D 1Pu states from the higher
singlet gerade states such as EF 1Sg

+, GK 1Sg
+, H �H 1Sg

+, P
1Sg

+, O 1Sg
+, I 1Pg and J 1Dg Liu et al. [2002, 2003], as well

as utilization of the B00 1Su
+ � X 1Sg

+ and D0 1Pu � X 1Sg
+

transition probabilities calculated by Abgrall and Roueff
[2003, private communication]. Emission from the B 1Su

+, C
1Pu, B

0 1Su
+, and D 1Pu states contribute �95% of the total

observed intensities between 900 and 1040 Å, with the
remainder from higher (n � 4) Rydberg states Jonin et al.
[2000]. The inclusion of the B00 1Su

+ � X 1Sg
+ and D0 1Pu �

X 1Sg
+ transitions enables the model to reproduce accurately

�99% of the intensities in the region, which reduces the
error in the relative sensitivity calibration for the 930–1030
Å region to �5%.

3. Theory

3.1. Electron-Impact-Induced Emission

[18] The volumetric photon emission rate I from electron-
impact excitation is equal to the excitation rate and the
emission branching ratio [Shemansky et al., 1985; Liu et al.,
2003]:

I vj; vi; Jj; Ji
� �

¼ g vj; Jj
� �A vj; vi; Jj; Ji

� �
A vj; Jj
� � ; ð1Þ

where v and J refer to vibrational and rotational quantum
numbers, A(vj, vi; Jj, Ji) is the Einstein spontaneous
transition probability for emission from level (vj, Jj) to
level (vi, Ji), and A(vj, Jj) is the total transition probability

(including non-radiative processes) for level (vj, Jj). In the
present study, collision deactivation is negligible, with
predissociation the only significant non-radiative process.
[19] The excitation rate g(vj; Jj) is proportional to the

population of molecular nitrogen in the initial level,
N(vi, Ji), the excitation cross section s, and the
electron flux Fe:

g vj; Jj
� �

¼ Fe

X
i

Nis vi; vj; Ji; Jj
� �

: ð2Þ

For a dipole-allowed transition, the cross section sij is
related to the absorption oscillator strength and experi-
mental excitation shape function. In the modified Born
approximation, the excitation cross section is given by
[Shemansky et al., 1985; Liu et al., 2003]:

sij

pa20
¼ 4f vi; vj; Ji; Jj

� �Ry
Eij

Ry

E

C0

C7

1

X 2
� 1

X 3

� ��

þ
X4
k¼1

Ck

C7

X � 1ð Þ exp �kC8Xð Þ

þC5

C7

þ C6

C7

1

X
þ ln Xð Þ

�
; ð3Þ

where

C7 vi; vj; Ji; Jj
� �

¼ 4pa20 2Ji þ 1ð ÞRy
Eij

f vi; vj; Ji; Jj
� �

; ð4Þ

a0 and Ry are the Bohr radius and Rydberg constant,
respectively, f(vi, vj; Ji, Jj) is the absorption oscillator
strength, Eij is the transition energy from (vi, Ji) to (vj, Jj), E
is the electron impact energy, and X = E/Eij. The collision
strength coefficients Ck/C7 (k = 0–6) and C8 for the c

0
4
1Su

+

and b 1Pu � X 1Sg
+ band systems have been measured

experimentally by Ajello et al. [1989] and James et al.
[1990].
[20] Equation (1) shows that the relative intensities of

transitions from the particular rovibrational level (vj, Jj) to
various lower levels (vi, Ji) is proportional to the relative
values of the corresponding line transition probabilities,
A(vj, vi; Jj, Ji), which are related to the corresponding
absorption oscillator strengths f(vi, vj; Ji, Jj) by [Abgrall
and Roueff, 2006]:

A vj; vi; Jj; Ji
� �

¼ 0:667� 2Ji þ 1

2Jj þ 1
n2ij f vi; vj; Ji; Jj

� �
ð5Þ

where nij refers to the transition frequency in wave numbers.
[21] When band emission from a common vibronic level

is considered, the sum of individual ro-vibronic transitions
is required. In this case, the A(vj; Jj) term in Equation (1) has
an influence on the relative intensities, specifically through
the inherent Jj dependences of both the radiative and non-
radiative molecular processes. However, while the signifi-
cant Jj dependence of predissociation in c04

1Su
+(0)

influences the relative intensities of the rotational lines in
each c04

1Su
+(0) � X 1Sg

+ emission band, it has a negligible
(<1%) effect on the relative emission band intensities,
which are the principal subject of this study.
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3.2. CSE Molecular Model

[22] In order to obtain a realistic theoretical description of
the emission from c04

1Su
+(0), it is necessary to consider a

wide range of excited electronic states and their interactions.
Intensities for the allowed transitions of N2 are affected, not
only by the Rydberg-valence interactions within the 1Su

+

manifold, but also by the rotational coupling between the
dipole-accessible 1Su

+ and 1Pu manifolds, responsible for the
P/R-branch interference effects [Lefebvre-Brion and Field,
2004], together with the Rydberg-valence and Rydberg-
Rydberg interactions within the 1Pu manifold. Furthermore,
Rydberg-valence and Rydberg-Rydberg interactions within
the 3Pu manifold, together with the 1Pu � 3Pu spin-orbit
coupling, must be considered if it is hoped to explain
the predissociation of any allowed excited N2 level, which
is caused, ultimately, by repulsive 3Pu states. Here, we
employ a diabatic-basis coupled-channel Schrödinger
equation method to treat all of these interactions.
[23] The formalism of the CSE method has been detailed,

e.g., by van Dishoeck et al. [1984]. Briefly, for each energy,
rotational quantum number, and e/f-parity [Lefebvre-Brion
and Field, 2004] of interest, the radial Schrödinger equation
for the coupled excited states is solved numerically, yielding
coupled-channel wave functions, which are combined with
the ground-state radial wave function and appropriate dia-
batic electronic transition moments, in order to form the
total photodissociation cross section. By including centrif-
ugal terms in the ground- and excited-state Hamiltonians,
the rotational dependence of the cross section can be
evaluated. Transition energies, rotational constants, oscilla-
tor strengths, and predissociation linewidths, deduced from
the computed CSE cross sections by the fitting of Fano
profiles, are compared iteratively with an experimental
database using a least squares procedure, in order to
optimize the CSE-model parameters, namely the diabatic

potential-energy curves, couplings, and electronic transition
moments.
[24] The present CSE model of N2, which remains under

development, represents an extension of previous 1,3Pu-
state models [Lewis et al., 2005a; Haverd et al., 2005] to
include the 1Su

+ states necessary to treat the current problem
of the c04

1Su
+(0) emission spectrum. Diabatic potential-

energy curves for the ten excited electronic states
included in the current model are shown in Figure 1. The
b, c3, and o3

1Pu potentials, and their mutual electrostatic
coupling, together with the X 1Sg

+ ground-state potential, are
taken from Lewis et al. [2005a] while the C and C0 3Pu

potentials and coupling differ marginally from those of
Lewis et al. [2005a], due to the inclusion of the F and G
3Pu Rydberg states in the model. This extended 3Pu model,
which has only a minor effect on the emission from high
rotational levels of c04

1Su
+(0), is described in detail else-

where [Lewis et al., 2007].
[25] The dominant concern when modeling the 1Su

+

manifold of states is the electrostatic coupling between the
b0 1Su

+ valence state and the two Rydberg states, c04 and c5
0

1Su
+. The strength of this interaction causes every

vibrational level to be homogeneously perturbed by several
of its neighbors, meaning that any attempt to reproduce the
band spectra with an uncoupled model will fail. The
diabatic modeling of Stahel et al. [1983] and superseding
ab initio work of Spelsberg and Meyer [2001] successfully
reproduced the 1Su

+ vibrational energies and rotational
constants over a large energy range. Further improvements
have been made here by refining the form of the diabatic
potential energy curves, shown in Figure 1, and including
heterogenous coupling to the 1Pu manifold, necessary to
describe e-parity energy levels of the rotating molecule.
[26] To represent the homogeneous b0 1Su

+ � c04
1Su

+

diabatic coupling, the R-dependent function of Spelsberg
and Meyer [2001] has been adopted and rescaled slightly by
a factor of 0.95 to better reproduce the experimental
energies. A difference in the assumed diabatic viewpoint
from that of Spelsberg and Meyer [2001] is that the c04 and
c05

1Su
+ Rydberg states are here assumed to be noninteract-

ing. As discussed further in section 4, the different rota-
tional constants for b0 1Su

+(1) and c04
1Su

+(0) result in a level
crossing near J = 10, with consequent large energy pertur-
bations. This crossing thus provides a sensitive means of
optimizing the scaling factor for the b0 � c0 diabatic
coupling.
[27] The heterogeneous 1Su

+ � 1Pu
e interactions, of the

form � 1
2mR2HJL

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
JðJ þ 1Þ

p
, where m is the N2 reduced

mass, influence principally the energies of high-J levels
of the 1Su

+ states and the corresponding 1Pu
e component of

L-doubling, together with the rotationally dependent P-
and R-branch intensity ratios. The c04

1Su
+(0) � c3

1Pu(0),
b0 1Su

+(3) � o3
1Pu(0), and b01Su

+(0) � b 1Pu(4) level
crossings are particularly sensitive to heterogeneous inter-
actions. By fitting the CSE-model results to both the e- and
f-parity experimental databases, optimized heterogeneous
matrix elements HJL of 2.00,�0.62, and�0.2 cm�1, respec-
tively, were found for the c04

1Su
+� c3

1Pu, b
01Su

+� o3
1Pu,

and b0 1Su
+� b 1Pu interactions. The first of these values is

consistent with expectation for the interacting members of a
3p-Rydberg complex [Lefebvre-Brion and Field, 2004].

Figure 1. Model diabatic potential-energy curves for the
electronic states of N2 relevant to the present study, relative
to the energy of the ground-state X 1Sg

+ potential minimum
(not shown). Solid curves: 1Su

+ states. Dashed curves: 1Pu

states. Dotted curves: 3Pu states.
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[28] The R-dependences of the CSE-model diabatic elec-
tronic transition moments were taken from Spelsberg and
Meyer [2001], except for the c04

1Su
+ � X 1Sg

+ moment,
which has been determined specifically using the new
photo-emission measurements presented here and is dis-
cussed further in section 4. The absolute oscillator strength
measurements of Stark et al. [2005, 2008] have been used to
determine scaling factors, relative to the results of Spelsberg
and Meyer [2001], for the b0 1Su

+ � X 1Sg
+, b 1Pu � X 1Sg

+,
c3

1Pu � X 1Sg
+ and o3

1Pu � X 1Sg
+ electronic transition

moments, yielding fitted values of 0.83, 0.84, 0.85 and 0.89,
respectively. Relative phases of the 1Su

+ � X 1Sg
+ and 1Pu �

X 1Sg
+ electronic transition moments and the rotational

coupling parameters have been determined by requiring
the model to reproduce correctly the observed sense of
the P/R-branch oscillator-strength interference effects in
affected transitions.
[29] Because of the increasing 1Pu

e-state admixtures in c04
1Su

+(0) with J, the c04
1Su

+(0) � X 1Sg
+ transition

intensities are influenced somewhat by the 1Pu � X 1Sg
+

electronic transition moments, especially in the case of the
weaker bands. A CSE model employed by Sprenger et al.
[2004a], with the same R-dependence as assumed here for
the b 1Pu � X 1Sg

+ transition moment, was found to
reproduce successfully the correct relative oscillator
strengths, including interference effects, for b 1Pu(0-5) �
X 1Sg

+(0) and b 1Pu(1) � X 1Sg
+(0-12) transitions of N2. This

reinforces the validity of the current approach and the
modeled diabatic b 1Pu � X 1Sg

+ contribution to the c04
1Su

+(0) � X 1Sg
+ transition intensities. Until extensive ‘‘hot-

band’’ intensity information is available for transitions to
the other states, particularly c3

1Pu, it is not justified to
attempt to optimize the R dependences of the corresponding
electronic transition moments beyond those of Spelsberg
and Meyer [2001].
[30] Model c04

1Su
+(0) � X 1Sg

+(vi) relative emission
spectra were calculated for the appropriate rotational tem-
peratures using equations (1)–(4), for comparison with the
experimental spectra. The spontaneous radiative transition
probabilities A(vj = 0,vi; Jj, Ji = Jj ± 1) were obtained from
the corresponding CSE-model oscillator strengths using
equation (5), while the nonradiative contribution to the total
transition probability A(vj = 0; Jj) was obtained from the
corresponding model predissociation linewidth, Gpre, in
cm�1 FWHM, using the relation:

Apre vj ¼ 0; Jj
� �

¼ 1:89� 1011Gpre vj ¼ 0; Jj
� �

s�1: ð6Þ

4. Results and Discussion

[31] Due to the apparatus-sensitivity and optical-thickness
constraints of the experimental measurements, the relative
intensities of the c04

1Su
+(0) � X 1Sg

+(vi) bands, which are
used here to help refine the adopted c04

1Su
+ � X 1Sg

+

electronic transition moment, are best obtained from the
calibrated intensities of the low-resolution data (�0.3 Å
FWHM). The computed CSE-model transition probabilities
and predissociation lifetimes are utilized to calculate the
electron-impact-induced emission spectrum. After the cal-
culated spectrum is convolved with an appropriate instru-

mental profile, it is compared with the experimental
spectrum. The reliability of the CSE results at the rotational
level is further examined by comparison with the high-
resolution spectra (�33–36 mÅ FWHM).
[32] The use of low-resolution data for determining the

relative intensities has several advantages. First, as relative
emission intensities to several vi levels of the X

1Sg
+ state are

required, low-resolution measurements make it possible to
scan continuously over the required wavelength range
within a reasonable time. In addition, the relatively large
slit widths enable the data to be measured at lower N2

pressures (i.e., wider slits compensate for the reduction in
intensity due to the lower pressure), eliminating complica-
tions due to self-absorption of the (0,0) band. Furthermore,
it permits the data points to be acquired over shorter
integration times, which in turn reduces the degree of
non-uniform wavelength drift caused by small variations
in room temperature. Importantly, the use of integrated band
intensities ensures that small non-uniform wavelength drifts
during the measurement will not have any significant
impact on the relative intensity.
[33] The transitions from atomic nitrogen and the N2 b0

1Su
+(1, 4, 7, 10), b 1Pu(2, 11), c3

1Pu(1), and o3
1Pu(4)

states overlap with some of the c04
1Su

+(0) � X 1Sg
+

transitions and thus can contribute to the measured band
intensities. The atomic nitrogen 2s2p4 2D � 2s22p3 2Do

transition, at 980.632 and 980.706 Å, overlaps with the
(0,1) band. Because of the homogeneous coupling between
b0 1Su

+(1) and c04
1Su

+(0), and their associated level crossing,
the contribution of the b0 1Su

+(1) � X 1Sg
+(vi) emissions is

always significant, at least for the Jj = 8-12 levels. The c3
1Pu(1) � X 1Sg

+(vi+1) emissions overlap the longer-wave-
length regions (P-branch) of the c04

1Su
+(0) � X 1Sg

+(vi)
bands. Furthermore, the predissociation rate of c3

1Pu(1)
increases rapidly with Jj [Kawamoto et al., 1997; Sprengers
et al., 2004b; Sprengers and Ubachs, 2006]. The b0 1Su

+(7)
� X 1Sg

+(vi+2) band can also overlap the shorter-wavelength
regions (R-branch) of the c04

1Su
+(0) � X 1Sg

+(vi) bands
transition. Other potential overlapping transitions include
the b0 1Su

+(4) � X 1Sg
+(vi+1), b

0 1Su
+(10) � X 1Sg

+(vi+3),
b 1Pu(2) � X 1Sg

+(vi-1), and b 1Pu(11) � X 1Sg
+(vi+2)

bands. However, their contributions are generally negli-
gible, either because of strong predissociation, or because
of small excitation cross sections from the X 1Sg

+(0) state. In
any case, the relative importance of these overlapping tran-
sitions increases with vi due to the rapid decrease of the c04
1Su

+(0) � X 1Sg
+(vi) band intensities. The contributions of the

above mentioned bands were taken into account by using
either the CSE-model or experimental oscillator strengths
and predissociation rates. The more prominent overlapping
transitions will be discussed later, together with the analysis
of the high-resolution spectra.
[34] Figure 2 compares the calibrated low-resolution

experimental spectra with the corresponding CSE-
model spectra in the neighborhoods of the c04

1Su
+(0) �

X1Sg
+(0�3) bands. At the low pressures needed to achieve

nearly optically thin conditions for the (0,0) band, N2

molecules suffer very little rotational cooling. Consequent-
ly, a temperature of 300 K has been used in calculations of
the CSE-model spectra. The CSE-model calculations repro-
duce well the relative intensities and spectral shapes of the
(0,0), (0,1) and (0,2) bands in the low-resolution spectra,
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validating the CSE treatment of the c04
1Su

+ state and its
coupling. For the (0,3) band, which is weaker than the (0,0)
band by a factor of �300 and the measured intensity has an
estimated uncertainty of �18%, mainly because of the
relatively large uncertainty in the background subtraction,
intensities on the R-branch (shorter-wavelength) side are
reproduced to within the experimental uncertainty. Howev-
er, the model underestimates significantly the intensity on
the P-branch (long-wavelength) side of this band. While the
reason for this is not clear, it is most likely due to weak
atomic nitrogen emission that is not included in the current
model, since the discrepancy applies only to one side of the
band. Emission from the b0 1Su

+(1) state is unlikely to be
responsible, since it is known to be weak in this region, and,
in any case, the b0 1Su

+ � X 1Sg
+ electronic transition

moment employed in the CSE model is well constrained
by the experimental oscillator strengths for the b0 1Su

+(vj) �
X 1Sg

+(0) bands [Stark et al., 2000, 2008]. As mentioned
above, the c3

1Pu(1) � X 1Sg
+(vi+1) band emissions overlap

with the P-branch side of the c04
1Su

+(0) � X 1Sg
+(vi) band

emissions, and, indeed, the c3
1Pu(1) � X 1Sg

+(4) band lies
in the correct position to explain the additional emission on
the P-branch side of the c04

1Su
+(0) � X 1Sg

+(3) band.
However, the calculated emission, which is included in
the model spectrum of Figure 2, is too weak to fully explain
the discrepancy. In principle, a change to the R-dependence
of the model c3

1Pu � X 1Sg
+ electronic transition moment

might improve matters, but, considering that good agree-
ment is found between the model and experimental spectra
for the c3

1Pu(1) � X 1Sg
+(0) band, and that the model c3

1Pu(1) � X 1Sg
+(3) band emission is somewhat too large

compared with experiment, it is unlikely that a
realistic R-dependence will simultaneously explain the
observations for all three bands. Possible atomic nitrogen
emissions in the region are the 2s22p2(3P)12d2D �
2s22p3 2D5/2

o and 2s22p2(3P)12d 2D � 2s22p3 2D3/2
o tran-

sitions, at 1026.69 and 1026.78 Å, respectively,
and spin-forbidden transitions, 2s22p2(3P)12d 4P �
2s22p3 2D5/2

o and 2s22p2(3P)12d 4P � 2s22p3 2D3/2
o , at

1027.15 and 1027.24 Å, respectively. The c04
1Su

+(0) �

Figure 2. Comparison of calibrated experimental (solid lines) and CSE-model (dotted lines) e + N2

low-resolution emission spectra for the c04
1Su

+(0) � X 1Sg
+(0�3) transitions. The experimental spectra

were obtained concurrently in cross-beam mode, with 100 eV excitation energy and a spectral resolution
of �0.3 Å FWHM. The model spectra were generated assuming a rotational temperature of 300 K. All
y-axes refer to calibrated intensity in counts, with appropriate indicated scales, while all x-axes refer to
wavelength in Å, with indicated offsets. An upper limit of 3% was estimated for the resonance
absorption in the c04

1Su
+(0) � X 1Sg

+(0) band, i.e., had the resonance absorption been absent, the solid
trace for the c04

1Su
+(0) � X 1Sg

+(0) transition would have been �3% stronger. The emission intensity
drops by a factor of �300 from vi = 0 to vi = 3. See section 4 for a discussion of the discrepancy for l �
1026.6 Å.
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X 1Sg
+(3) spectrum in Figure 2, however, shows that the

spin-allowed atomic nitrogen emissions cannot alone
account for the intensity difference. A slightly stronger
contribution from the spin-forbidden transitions is re-
quired to satisfactorily account for the intensity discrep-
ancy. Unpublished experimental measurements by one of
us (JMA) at 20 eV and 100 eV provide strong evidence
that both spin-allowed and spin-forbidden atomic nitro-
gen transitions contribute to the P-branch side of the
(0,3) band. Since atomic nitrogen emission is energeti-
cally impossible at E � 20 eV, a comparison of the
emission spectra at 20 and 100 eV enables an unambig-
uous identification of atomic nitrogen and nitrogen ion
emissions when the overlap of the atomic and molecular
transitions is negligible. The measurements have shown
extensive atomic nitrogen emission from the n = 3–11
2s22p2(3P)nd 2D, 2P and 2F doublet states, and some of the
quartet states to the 2s22p3 2Do state. In a few cases, the
spin-forbidden transitions from the quartet states can be
unambiguously identified. For instance, at 100 eV electron
energy, the 2s22p2(3P)4d 4D � 2s22p3 2D spin-forbidden
transition, between 1096.747 and 1096.945 Å, has a slightly
stronger intensity than the allowed 2s22p2(3P)4d 2D �
2s22p3 2Do transition, between 1095.941 and 1096.046 Å.
Finally, the tabulation by Smith et al. [2001] predicts that
the transit ion probabili ty of the spin-forbidden
2s22p2(3P)12d 4P � 2s22p3 2Do transition is actually �2.7
times greater than that of the allowed 2s22p2(3P)12d 2D �
2s22p3 2Do transition. In any case, it is important to note that
the transitions near the c04

1Su
+(0) � X 1Sg

+(3) band
contribute <0.4% of the total emission intensity from the
c04

1Su
+(0) level. Thus the �40% difference between the

experimental and calculated P-branch side intensities for
this band represents<0.1% of the total.
[35] In Table 1, a comparison is made between the

experimental and CSE-model relative emission intensities
for the c04

1Su
+(0) � X 1Sg

+(vi = 0-3) bands of N2, normalized
with respect to the (0,1) -band value. The experimental
values were obtained by integration of the T = 300 K spectra
in Figure 2, with a 3% correction to allow for the effects of
self-absorption on the (0,0) -band intensity, and further
small corrections applied for the contributions of known
overlapping N2 features. The CSE-model relative intensities
(column three of Table 1) are in overall very good agree-
ment with the experimental values, the maximum discrep-

ancy of 14%, occurring for the (0,2) band, representing less
than two standard deviations. CSE-model intensities, com-
puted in the same way, but assuming no R dependence in
the c04

1Su
+ � X 1Sg

+ electronic transition moment (column
four of Table 1), are seen to be in significantly worse
agreement with experiment, with deviations changing sys-
tematically from +22% for vi = 0, to -15% for vi = 3. Thus
the experimental relative intensities confirm that an R
dependence is needed in the transition moment. In addition,
for comparison we have computed simplistic relative inten-
sities using the final CSE-model parameters, but assuming
that the diabatic c04

1Su
+ state is uncoupled (final column of

Table 1). The results of this Franck-Condon-like model are
also in very poor agreement with experiment, with devia-
tions changing systematically from +16% for vi = 0, to
�84% for vi = 3. This demonstrates unambiguously that
Franck-Condon models are of little use in the interpretation
of the N2 spectrum in this region where strong coupling is
endemic, requiring the use of the CSE method.
[36] Further validation of the CSE model is provided in

Table 2, where a comparison is made between the c04
1Su

+(vj =
0–3)�X 1Sg

+(0) bands of N2. For simplicity, this comparison
is made in terms of the rotationless oscillator strengths, with
the experimental values having been extrapolated to Jj = Ji =
0 [Stark et al., 2005, 2008]. The final CSE-model values
(column three of Table 2) are in excellent agreement with
experiment, with a maximum discrepancy of <10%. In
comparison, CSE-model values calculated assuming no R
dependence in the c04

1Su
+ � X 1Sg

+ electronic transition
moment (final column of Table 2) can be scaled to provide
only marginally worse agreement with experiment. Thus it
can be concluded that the relative (0,vi) intensities measured
here provide a significantly more sensitive measure of the
transition-moment R dependence than do the (vj,0) oscillator
strengths.
[37] The range of R over which the c04

1Su
+ � X 1Sg

+

electronic transition moment significantly influences the
oscillator strengths considered here has been determined by
comparing CSE-model oscillator strengths for various
degrees of truncation of the transition-moment function. A
range of 1.05–1.22 Å was found for the (0,0) band, increas-
ing to 1.00–1.27 Å for the (0,3) band. The adopted CSE-
model diabatic c04

1Su
+� X 1Sg

+ electronic transition moment,
in a.u., has the form:

M Rð Þ ¼ �0:4702� 6:620 R� 1:068ð Þ2; 1:00 < R < 1:27 A
�

ð7Þ

Table 1. Comparison of Experimental and Calculated Relative

Emission Intensities for the c04
1Su

+ (0) � X 1Sg
+(vi) Transitions of

N2
a

vi Exp. CSEb CSE-noRc FCFd

0 6.3(4) 6.8 7.8 7.3
1 1.0 1.0 1.0 1.0
2 0.099(9) 0.113 0.087 0.085
3 0.019(4) 0.018 0.016 0.003

aNormalized to the (0,1) band intensity. Values in parentheses represent
experimental uncertainties in units of the least significant digit.

bCSE-model results for T = 300 K using final c04 � X electronic transition
moment.

cCSE-model results for T = 300 K using R-independent c04 � X electronic
transition moment.

dResults of uncoupled rotationless calculation using final c04 � X
electronic transition moment.

Table 2. Comparison of Experimental and Calculated Rotation-

less Oscillator Strengths for the c04
1Su

+(vj) � X 1Sg
+(0) Bands of

N2

vj Exp. CSEa CSE-noRb

0 0.138(14)c 0.138 0.138
1 0.0052(6)c 0.0054 0.0063
2 0.0012(1)d 0.0011 0.0011
3 0.0076(7)d 0.0081 0.0080

aCSE-model results using final c04 � X electronic transition moment.
bCSE-model results using R-independent c04 � X electronic transition

moment.
cFitted rotationless oscillator strengths of Stark et al. [2005].
dFitted rotationless oscillator strengths of Stark et al. [2008].
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The reader is cautioned against using equation (7) for
R-values outside its range of applicability. In such regions,
the R dependence calculated ab initio by Spelsberg and
Meyer [2001] is likely to be significantly more realistic.
The CSE-model transition moment is compared with that
of Spelsberg andMeyer [2001] in Figure 3.While the general
forms of the transition moments are similar, the average
magnitude of the adopted CSE moment is �15% less than
the ab initio value. Discrepancies of similar magnitude and
sign have been found in the case of the diabatic transition
moments for the b, c3, and o3

1Pu � X 1Sg
+ transitions of N2

[Haverd et al., 2005].
[38] The CSE-model calculated line transition probabilities

for the c04
1Su

+(0)� X 1Sg
+(0–3) and b0 1Su

+(1)� X 1Sg
+(0–3)

bands are listed in Tables 5 and 6, respectively, along with
the estimated total radiative transition probabilities of the
c04

1Su
+(0) and b0 1Su

+(1) levels, obtained by summing line
transition probabilities up to vi = 29 of the X 1Sg

+ state. The
transition frequencies of c04

1Su
+(0) � X 1Sg

+(0–3) and
b0 1Su

+(1) � X 1Sg
+(0-3) bands are listed in Tables 5 and

Table 6. In the case of the c04
1Su

+(0) � X 1Sg
+(vj) transition,

the listed bands represent the strongest emissions from the
c04

1Su
+(0) level. Because the potential-energy curve for the

diabatic c04
1Su

+ state is very similar to that of the X 1Sg
+

state, the diabatic Franck-Condon factor for the c04
1Su

+(0) �
X 1Sg

+(0) band is on the order of 0.9 [Stahel et al., 1983;
Whang et al., 1996]. Thus a very substantial proportion of
the c04

1Su
+ � X 1Sg

+ electron-impact excitation normally
ends up in the c04

1Su
+(0) level, with most emission back to

the X 1Sg
+(0) level. The diabatic b0 1Su

+(1) � X 1Sg
+(0–2)

Franck-Condon factors are very small, but rotational lines
involving b0 1Su

+(1) levels in the region of the b0 1Su
+(1) �

c04
1Su

+(0) level crossing borrow significant strength from
the corresponding c04

1Su
+(0) � X 1Sg

+(0-2) transitions,

through the b0 1Su
+(1) � c04

1Su
+(0) homogeneous coupling.

The overall b0 1Su
+(1) � X 1Sg

+(vi) emission becomes more
significant in the far-ultraviolet region. Estimated uncertain-
ties in the calculated transition probabilities for the strong
and moderately strong transitions in Tables 3 and 4 are
�12%.
[39] The accuracy of the line transition probabilities listed

in Tables 3 and 4 can be examined for each band. Reliable
absolute transition probabilities for the b0 1Su

+(1) � X 1Sg
+(0)

and c04
1Su

+(0) � X 1Sg
+(0) bands can be inferred from the

high-resolution photoabsorption experiments of Stark et al.
[2000]. Of the 64 measured P- and R-branch transitions,
57 calculated transition probability values agree with the
experimental ones within the experimental uncertainties. All
remaining 7 transitions agree within twice the experimental
uncertainties. Overall, the agreement for the R-branch
transitions is better than for the P branches, where the
calculated values are generally smaller than their experi-
mental counterparts.
[40] In the case of the (0,1) and (0,2) bands, where no

absolute experimental data exist, apart from those inferred
indirectly from the present work, the relative CSE-model line
intensities can be compared with those from the high-reso-
lution experimental spectra. Because of the Jj-dependent
predissociation of the c04

1Su
+(0) levels [Ubachs et al.,

2001; Liu et al., 2005a], the calculated relative emission
intensity depends somewhat on the predissociation rate for
each Jj level. Ubachs et al. [2001] measured the lifetimes of
several groups of unresolved Jj levels of the c

0
4
1Su

+(0) state in
the time domain. By interpolation and extrapolation of the
results ofUbachs et al. [2001], Liu et al. [2005a] derived a set
of lifetimes in order to analyze the emission spectrum of the
c04

1Su
+(0)� X 1Sg

+(0) band. As shown by Lewis et al. [2005a,
2005b], the predissociation rate can also be computed using
the CSE model. The predissociation rates and lifetimes for
various rotational levels of the c04

1Su
+(0) state will be

examined in a future joint experimental and theoretical paper.
It is sufficient to point out here that a set of lifetimes,
estimated from the preliminary CSE predissociation line-
widths provided by the current model, has been used to aid
the calculation of the emission spectra. These CSE lifetimes
are consistent with those of Liu et al. [2005a] for Jj� 20. For
Jj > 20, the estimated CSE lifetimes are somewhat longer,
leading to greater calculated emission intensities. The differ-
ences in overall relative intensities, however, are small
because emissions from levels with Jj > 20 are weak. The
primary effect is that the estimated CSE lifetime leads to a
slightly lower inferred rotational temperature [e.g., 260 K
versus 270 K for the (0,1) band].
[41] Figures 4 and 5 compare experimental and CSE-

model emission spectra at the rotational level for the c04
1Su

+(0) � X 1Sg
+(1) and c04

1Su
+(0) � X 1Sg

+(2) bands,
respectively. Higher backing N2 pressures were utilized in
the experiments to compensate for the decrease in the (0,1)
and (0,2) band emission intensities. The increase in rota-
tional cooling results in temperatures of �260 and �150 K,
respectively, for the high-resolution spectra of the (0,1) and
(0,2) bands. With an N2 pressure of (0.9�0.1) � 10�4 Torr
and 20 mm slit widths (in second order), the (0,1) band
emission remains reasonably strong, and a single scan with
an integration time of �220 s per channel and �14.5 h total
acquisition time is sufficient. As a result, only very small

Figure 3. Adopted CSE-model diabatic c04
1Su

+ � X 1Sg
+

electronic transition moment (white curve), including
uncertainty range (shaded area), compared with ab initio
calculation of Spelsberg and Meyer [2001] (black curve).
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Table 3. Transition Probabilities of the c04
1Su

+(0) � X 1Sg
+(vi) (vi = 0–3) Bands (s�1)a

Jj AT
e(Jj)

b

c04
1Su

+(0) � X 1Sg
+(0) c04

1Su
+(0) � X 1Sg

+(1) c04
1Su

+(0) � X 1Sg
+(2) c04

1Su
+(0) � X 1Sg

+(3)

R(Jj � 1) P(Jj + 1) R(Jj � 1) P(Jj + 1) R(Jj � 1) P(Jj + 1) R(Jj � 1) P(Jj + 1)

0 1.172E9 1.00E9 1.48E8 1.65E7 2.24E6
1 1.172E9 3.26E8 6.76E8 4.89E7 9.89E7 5.88E6 1.06E7 8.83E5 1.37E6
2 1.171E9 3.86E8 6.15E8 5.85E7 8.93E7 7.28E6 9.26E6 1.15E6 1.14E6
3 1.170E9 4.09E8 5.92E8 6.24E7 8.54E7 8.05E6 8.55E6 1.34E6 9.96E5
4 1.169E9 4.18E8 5.80E8 6.43E7 8.33E7 8.59E6 8.07E6 1.51E6 8.92E5
5 1.168E9 4.23E8 5.74E8 6.54E7 8.21E7 9.03E6 7.72E6 1.67E6 8.11E5
6 1.166E9 4.24E8 5.70E8 6.59E7 8.14E7 9.42E6 7.45E6 1.85E6 7.48E5
7 1.163E9 4.23E8 5.67E8 6.60E7 8.09E7 9.77E6 7.25E6 2.06E6 7.06E5
8 1.158E9 4.19E8 5.62E8 6.57E7 8.04E7 1.01E7 7.13E6 2.32E6 6.98E5
9 1.144E9 4.09E8 5.48E8 6.44E7 7.91E7 1.04E7 7.09E6 2.71E6 7.70E5
10 1.058E9 3.52E8 4.72E8 5.64E7 6.98E7 1.02E7 6.89E6 3.52E6 1.19E6
11 1.007E9 3.38E8 4.53E8 4.98E7 6.27E7 6.30E6 3.62E6 5.66E5 2.31E4
12 1.128E9 4.09E8 5.47E8 6.13E7 7.83E7 9.00E6 5.38E6 1.64E6 4.53E4
13 1.145E9 4.19E8 5.58E8 6.25E7 8.13E7 9.63E6 5.79E6 2.11E6 8.09E4
14 1.149E9 4.22E8 5.59E8 6.23E7 8.29E7 9.86E6 5.98E6 2.42E6 8.54E4
15 1.148E9 4.24E8 5.57E8 6.16E7 8.41E7 9.92E6 6.13E6 2.67E6 7.73E4
16 1.146E9 4.26E8 5.52E8 6.07E7 8.52E7 9.87E6 6.29E6 2.90E6 6.43E4
17 1.142E9 4.28E8 5.45E8 5.95E7 8.64E7 9.72E6 6.47E6 3.12E6 5.00E4
18 1.136E9 4.31E8 5.36E8 5.80E7 8.75E7 9.48E6 6.69E6 3.33E6 3.62E4
19 1.128E9 4.34E8 5.25E8 5.63E7 8.86E7 9.14E6 6.97E6 3.53E6 2.39E4
20 1.117E9 4.37E8 5.10E8 5.42E7 8.97E7 8.67E6 7.31E6 3.72E6 1.38E4
21 1.101E9 4.41E8 4.90E8 5.17E7 9.06E7 8.05E6 7.73E6 3.90E6 6.40E3
22 1.080E9 4.45E8 4.65E8 4.87E7 9.11E7 7.26E6 8.25E6 4.04E6 1.83E3
23 1.050E9 4.48E8 4.33E8 4.51E7 9.12E7 6.28E6 8.87E6 4.14E6 5.67E1
24 1.009E9 4.49E8 3.92E8 4.07E7 9.02E7 5.12E6 9.62E6 4.14E6 5.25E2
25 9.553E8 4.46E8 3.41E8 3.56E7 8.79E7 3.79E6 1.05E7 4.02E6 1.93E3
26 8.870E8 4.39E8 2.82E8 2.98E7 8.37E7 2.42E6 1.14E7 3.72E6 2.40E3
27 8.047E8 4.24E8 2.18E8 2.37E7 7.74E7 1.20E6 1.24E7 3.24E6 8.70E2
28 7.166E8 4.03E8 1.56E8 1.79E7 6.92E7 3.46E5 1.33E7 2.59E6 4.99E2
29 6.327E8 3.78E8 1.02E8 1.31E7 5.99E7 4.72E3 1.41E7 1.87E6 1.23E4
30 5.461E8 3.51E8 6.01E7 9.32E6 5.05E7 1.83E5 1.47E7 1.18E6 5.53E4

ax.yEz = x.y � 10z.
bTotal radiative transition probability (s�1).
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Table 4. Transition Probabilities of the b0 1Su
+ (1) � X 1Sg

+(vi) (vi = 0–3) Bands (s�1)a

Jj AT
e(Jj)

b

b0 1Su
+(1) � X 1Sg

+(0) b0 1Su
+(1) � X 1Sg

+(1) b0 1Su
+(1) � X 1Sg

+(2) b0 1Su
+(1) � X 1Sg

+(3)

R(Jj � 1) P(Jj + 1) R(Jj � 1) P(Jj + 1) R(Jj � 1) P(Jj + 1) R(Jj � 1) P(Jj + 1)

0 4.923E8 3.15E6 2.81E4 8.00E5 3.62E6
1 4.922E8 1.06E6 2.19E6 1.03E4 2.19E4 2.60E5 5.31E5 1.20E6 2.42E6
2 4.921E8 1.35E6 2.13E6 1.58E4 2.59E4 3.03E5 4.71E5 1.42E6 2.17E6
3 4.918E8 1.59E6 2.27E6 2.41E4 3.57E4 3.10E5 4.37E5 1.50E6 2.06E6
4 4.916E8 1.89E6 2.59E6 3.87E4 5.45E4 3.01E5 4.06E5 1.53E6 1.98E6
5 4.914E8 2.35E6 3.14E6 6.60E4 9.01E4 2.79E5 3.73E5 1.52E6 1.92E6
6 4.915E8 3.10E6 4.11E6 1.21E5 1.61E5 2.43E5 3.31E5 1.49E6 1.87E6
7 4.922E8 4.52E6 5.98E6 2.43E5 3.17E5 1.89E5 2.74E5 1.42E6 1.80E6
8 4.952E8 7.69E6 1.02E7 5.63E5 7.24E5 1.08E5 1.89E5 1.30E6 1.71E6
9 5.071E8 1.74E7 2.32E7 1.71E6 2.17E6 9.84E3 6.11E4 1.03E6 1.55E6
10 5.887E8 7.37E7 9.84E7 9.39E6 1.18E7 4.09E5 1.24E5 3.57E5 1.05E6
11 6.379E8 8.62E7 1.16E8 1.55E7 1.93E7 4.40E6 3.30E6 3.44E6 2.13E6
12 5.151E8 1.53E7 2.06E7 3.44E6 4.24E6 1.77E6 1.48E6 2.50E6 2.03E6
13 4.948E8 5.28E6 7.16E6 1.49E6 1.83E6 1.17E6 1.05E6 2.16E6 1.92E6
14 4.875E8 2.50E6 3.40E6 8.79E5 1.07E6 9.34E5 8.63E5 2.00E6 1.84E6
15 4.834E8 1.40E6 1.90E6 6.03E5 7.32E5 8.04E5 7.62E5 1.89E6 1.78E6
16 4.803E8 8.74E5 1.18E6 4.53E5 5.48E5 7.21E5 6.95E5 1.81E6 1.73E6
17 4.778E8 5.86E5 7.79E5 3.61E5 4.34E5 6.60E5 6.47E5 1.74E6 1.68E6
18 4.754E8 4.15E5 5.41E5 2.99E5 3.58E5 6.13E5 6.08E5 1.68E6 1.64E6
19 4.731E8 3.07E5 3.88E5 2.54E5 3.04E5 5.73E5 5.77E5 1.62E6 1.59E6
20 4.709E8 2.36E5 2.86E5 2.21E5 2.64E5 5.39E5 5.50E5 1.56E6 1.55E6
21 4.687E8 1.89E5 2.14E5 1.96E5 2.32E5 5.08E5 5.26E5 1.51E6 1.51E6
22 4.665E8 1.56E5 1.61E5 1.76E5 2.06E5 4.79E5 5.05E5 1.46E6 1.47E6
23 4.642E8 1.35E5 1.21E5 1.60E5 1.85E5 4.51E5 4.87E5 1.40E6 1.43E6
24 4.620E8 1.22E5 8.92E4 1.47E5 1.67E5 4.24E5 4.71E5 1.34E6 1.39E6
25 4.597E8 1.19E5 6.25E4 1.37E5 1.51E5 3.96E5 4.59E5 1.28E6 1.36E6
26 4.574E8 1.30E5 3.82E4 1.31E5 1.35E5 3.65E5 4.53E5 1.21E6 1.34E6
27 4.552E8 1.75E5 1.38E4 1.32E5 1.20E5 3.25E5 4.61E5 1.12E6 1.34E6
28 4.528E8 4.07E5 4.17E3 1.58E5 9.63E4 2.50E5 5.27E5 9.49E5 1.45E6
29 3.802E8 8.94E7 3.82E7 4.56E6 3.81E5 2.99E6 7.95E6 3.29E6 1.08E7
30 4.479E8 1.11E5 2.89E5 3.14E4 1.37E5 4.66E5 2.06E5 1.41E6 8.15E5

ax.yEz = x.y � 10z.
bTotal radiative transition probability (s�1).
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non-uniform wavelength drifts are noticeable in Figure 4.
However, the (0,2) band is a factor of �10 weaker, making
it necessary to carry out multiple scans over relatively long
intervals. This in turn makes the measurement more sus-
ceptible to non-uniform wavelength drifts. The experimen-
tal spectrum shown in Figure 5 was obtained by summing
�100 scans over a period of �146 h. Even though the non-
uniform wavelength drift is not noticeable from scan to
scan, the summation may introduce artifacts. The signal-to-
noise ratio in Figure 5 is poorer than that in Figure 4 even
taking account for a factor �5 difference in signal. The
spectral resolution in Figure 5 is also degraded from
�33 mÅ to �36 mÅ. Furthermore, the shape of a weak
transition sandwiched by two strong transitions may be
distorted significantly by non-uniform drift.
[42] In Figure 4, excellent agreement is seen between the

experimental high-resolution (�33 mÅ FWHM) and
corresponding CSE-model spectra for the c04

1Su
+(0) � X

1Sg
+(1) band. Emissions from the b0 1Su

+(1) � X 1Sg
+(1)

transition and other overlapping N2 features have also been
considered in the model. Except for the few Jj levels of the
b0 1Su

+(1) state in the region of the b0 1Su
+(1) � c04

1Su
+(0)

level crossing, the intensities of all other overlapping N2

emission features are negligible. While the model does not
include any contribution from atomic nitrogen emissions, it
is apparent that the atomic nitrogen 2s2p4 2D � 2s22p3 2Do

transitions, at 980.632 and 980.706 Å, are either absent or
negligible.

[43] In Figure 5, which compares the experimental (solid
line) high-resolution (�36 mÅ FWHM) and corresponding
CSE-model (dotted line) spectra for the c04

1Su
+(0) � X

1Sg
+(2) band region, very good agreement is also found,

except for the P(9) and R-branch band head regions. In
terms of integrated intensity, the P(9) region in the observed
spectrum is �11% weaker than the model spectrum. How-
ever, the absence of the P(9) peak and valley in the
experimental spectrum, possibly due to the summing of
multiple scans, makes the intensity difference more appar-
ent. In the R-branch band head region, the model under-
estimates the intensity by as much as 50%. Since the model
accurately reproduces the relative intensity of the R-branch
band head region for the (0,1) band, the large difference in
the (0,2) band head intensity is perhaps due to the approx-
imate nature of the Boltzmann distribution (T = 150 K),
obtained under a more stringent expansion condition. The
model also reproduces the relative line intensities in the c04
1Su

+(0) � X 1Sg
+(2) and b0 1Su

+(1) � X 1Sg
+(2) bands very

well, including the extremely weak features on the shorter
wavelength side of 1002.5 Å, arising from the b0 1Su

+(7) � X
1Sg

+(4) transition. However, the intensities for the weak
features on the longer wavelength side of 1003.63 Å, which
primarily arise from the c3

1Pu(1) � X 1Sg
+(3) transition, are

overestimated by the model. This discrepancy might be
removed by an improvement in the c3

1Pu � X 1Sg
+ diabatic

electronic transition moment, but probably not without
introducing other discrepancies elsewhere in the c3

1Pu �

Table 5. Transition Frequencies of the c04
1Su

+(0) � X 1Sg
+(vi) (vi = 0�3) Bands (cm�1)a

Jj

c04
1Su

+(0) � X 1Sg
+(0) c04

1Su
+(0) � X 1Sg

+(1) c04
1Su

+(0) � X 1Sg
+(2) c04

1Su
+(0) � X 1Sg

+(3)

R(Jj�1) P(Jj+1) R(Jj�1) P(Jj+1) R(Jj�1) P(Jj + 1) R(Jj�1) P(Jj + 1)

0 104318.5 101988.6 99687.4 97414.9
1 104326.4 104314.5 101996.5 101984.7 99695.2 99683.6 97422.6 97411.2
2 104330.1 104310.2 102000.2 101980.6 99698.9 99679.6 97426.5 97407.1
3 104333.8 104305.9 102003.9 101976.4 99702.8 99675.5 97430.5 97403.2
4 104337.2 104301.4 102007.6 101972.1 99706.6 99671.3 97434.1 97399.3
5 104340.5 104296.7 102011.0 101967.6 99710.0 99667.0 97437.8 97395.2
6 104343.7 104292.0 102014.3 101963.1 99713.6 99662.8 97441.6 97391.2
7 104346.7 104287.0 102017.5 101958.4 99717.0 99658.4 97445.2 97387.1
8 104349.4 104281.7 102020.5 101953.5 99720.2 99653.7 97448.6 97382.7
9 104351.7 104276.1 102023.1 101948.1 99723.1 99648.8 97451.7 97378.1
10 104353.0 104269.5 102024.7 101941.9 99725.0 99643.0 97454.0 97372.8
11 104360.1 104268.6 102032.1 101941.4 99732.8 99642.9 97462.1 97373.2
12 104360.5 104261.5 102032.9 101934.4 99734.0 99636.4 97463.8 97367.0
13 104361.8 104254.3 102034.6 101928.3 99736.1 99630.7 97466.4 97361.9
14 104363.4 104247.6 102036.3 101922.1 99738.3 99625.1 97468.9 97356.6
15 104364.1 104241.0 102038.0 101915.9 99740.5 99619.4 97471.6 97351.6
16 104365.0 104234.0 102039.4 101909.6 99742.4 99613.5 97474.0 97346.5
17 104365.3 104226.4 102040.1 101902.4 99743.6 99607.0 97475.9 97340.5
18 104365.6 104219.1 102041.2 101895.5 99745.2 99600.9 97478.1 97335.1
19 104365.2 104210.3 102041.2 101887.8 99745.9 99593.9 97479.4 97328.5
20 104364.4 104201.4 102040.9 101879.5 99746.2 99586.4 97480.5 97321.9
21 104362.6 104192.1 102040.1 101871.0 99746.2 99578.5 97480.9 97314.8
22 104360.2 104181.7 102038.3 101861.3 99745.2 99569.7 97480.7 97306.9
23 104356.6 104170.2 102035.5 101850.7 99743.0 99559.8 97479.2 97297.7
24 104351.8 104157.6 102031.4 101838.8 99739.7 99549.1 97476.9 97287.7
25 104345.7 104143.3 102026.2 101825.6 99735.2 99536.6 97473.1 97276.7
26 104337.4 104127.2 102018.6 101810.3 99728.9 99522.3 97467.5 97262.8
27 104326.5 104108.7 102008.9 101792.9 99719.9 99505.8 97460.0 97247.5
28 104313.3 104087.5 101996.4 101772.7 99708.4 99486.6 97448.9 97228.2
29 104296.8 104063.2 101981.0 101749.0 99693.9 99464.4 97435.6 97208.2
30 104281.1 104039.7 101966.3 101727.0 99680.2 99443.1 97421.8 97187.9

aTransition frequencies for Jj � 27 levels are generated from experimental term values reported by Roncin et al. [1998, 1999]. For Jj = 28–30, the
calculated term values are used. The error in either case is less than 1 cm�1.
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X 1Sg
+ system (see comments above). Atomic nitrogen and

the nitrogen ion are negligible emitters in the wavelength
range of Figure 5 because no significant relative intensity
variations were observed in a measurement with �20 eV
excitation energy, where the production of N (and thus N+)
is energetically impossible.
[44] As a consequence of the homogenous coupling

between the b0 1Su
+(1) and c04

1Su
+(0) states, and crossing

of the rotational term series, emission from some levels of
the b0 1Su

+(1) state, e.g., Jj = 8–12, overlap with those from
the c04

1Su
+(0) state. The FUSE observations, limited to vi �

9, of the terrestrial thermosphere reported by Bishop et al.
[2005, 2007] have shown prominent c04

1Su
+(0) and b0

1Su
+(1) � X 1Sg

+(vi � 9) emission. The difference in the vi
dependence of the Franck-Condon factors for the b0 1Su

+(1)
� X 1Sg

+(vi) and c04
1Su

+(0) � X 1Sg
+(vi) transitions has a

profound effect on their relative intensities in the emission
spectrum. The Franck-Condon factor for the (diabatic) b0
1Su

+(1) � X 1Sg
+(0) transition is a factor of �2 � 105 smaller

than its (diabatic) c04
1Su

+(0) � X 1Sg
+(0) counterpart. If the

b0 1Su
+(1) � c04

1Su
+(0) coupling were absent, the excitation

cross section for the (diabatic) b0 1Su
+(1) � X 1Sg

+(0)
transition would be negligible. Even with b0 1Su

+(1) � c04
1Su

+(0) coupling, the excitation cross sections of the b0
1Su

+(1) rotational levels, with the exception of Jj = 8–12,
are about two orders of magnitude smaller than their c04
1Su

+(0) counterparts (see Tables 3 and 4). Thus if the
transition probabilities for the c04

1Su
+(0) � X 1Sg

+(vi)

transitions are larger than, or comparable to, those of the
b0 1Su

+(1) � X 1Sg
+(vi) transitions, the observed c

0
4
1Su

+(0)�
X 1Sg

+(vi) intensity will be much stronger than that of the b0
1Su

+(1)� X 1Sg
+(vi) transition. This is the case for the vi = 0 to

4 levels. For vi > 4, the rapid decrease of the Franck-Condon
factor for the c04

1Su
+(0) � X 1Sg

+(vi) transitions, and simul-
taneous rapid increase of that for the b0 1Su

+(1) � X 1Sg
+(vi)

transitions, make the transition probabilities for the former
significantly smaller than those of the latter. In fact the c04
1Su

+(0)� X 1Sg
+(vi > 4) transition probabilities are significant

only because of b0 1Su
+(1) � c04

1Su
+(0) coupling. The

offsetting effects make the emission intensities of c04
1Su

+(0)
� X 1Sg

+(vi > 4) and b0 1Su
+(1)� X 1Sg

+(vi > 4) approximately
(within ±20%) equal.
[45] The c04

1Su
+ state also decays spontaneously to the a

1Pg and a
00 1Sg

+ states. Filippelli et al. [1984] have estimated
that the emission branching ratio to the a 1Pg state is <0.6%.
The branching ratio to a00 1Sg

+, while unknown, must be
very small because the transition frequency of the c04

1Su
+(0)

� X 1Sg
+(0) band is more than 19 times of that of the c04

1Su
+(0) � a00 1Sg

+(0) band [Cossart and Cossart-Magos,
2004]. The radiative lifetimes of the Jj = 0 and 1 levels of
the c04

1Su
+(0) state, obtained from the calculated transition

probabilities, are 840 ps, which are consistent with the 820 ±
50 ps estimated by Liu et al. [2005a] and the upper limit of
870 ps obtained byWalter et al. [1994]. In a coupled-channel
picture, the diabatic c04

1Su
+ and c3

1Pu
e states, both members

of the 3p Rydberg complex, have a strong rotational interac-

Table 6. Transition Frequencies of the b0 1Su
+(1) � X 1Sg

+(vi) (vi = 0–3) Bands (cm�1)a

Jj

b0 1Su
+(1) � X 1Sg

+(0) b0 1Su
+(1) � X 1Sg

+(1) b0 1Su
+(1) � X 1Sg

+(2) b0 1Su
+(1) � X 1Sg

+(3)

R(Jj�1) P(Jj + 1) R(Jj�1) P(Jj + 1) R(Jj�1) P(Jj + 1) R(Jj�1) P(Jj + 1)

0 104414.2 102084.3 99783.0 97510.6
1 104420.4 104408.4 102090.4 102078.6 99789.2 99777.5 97516.6 97505.1
2 104420.9 104401.0 102091.0 102071.4 99789.7 99770.4 97517.3 97497.9
3 104419.9 104392.1 102090.1 102062.6 99789.0 99761.6 97516.6 97489.4
4 104417.2 104381.4 102087.6 102052.1 99786.6 99751.3 97514.2 97479.3
5 104412.6 104368.8 102083.1 102039.7 99782.2 99739.1 97509.9 97467.3
6 104406.7 104355.0 102077.3 102026.1 99776.6 99725.8 97504.6 97454.2
7 104399.0 104339.3 102069.9 102010.8 99769.3 99710.7 97497.5 97439.4
8 104389.7 104322.0 102060.8 101993.8 99760.5 99694.0 97488.9 97423.0
9 104378.8 104303.2 102050.3 101975.3 99750.2 99676.0 97478.9 97405.3
10 104367.1 104283.6 102038.8 101955.9 99739.1 99657.1 97468.1 97386.8
11 104347.8 104256.4 102019.8 101929.2 99720.5 99630.7 97449.8 97360.9
12 104333.2 104234.2 102005.5 101907.1 99706.7 99609.0 97436.4 97339.6
13 104315.6 104208.1 101988.4 101882.1 99689.9 99584.5 97420.2 97315.6
14 104296.8 104181.0 101969.7 101855.4 99671.7 99558.4 97402.3 97290.0
15 104274.7 104151.7 101948.7 101826.5 99651.1 99530.1 97382.3 97262.3
16 104251.8 104120.7 101926.2 101796.3 99629.2 99500.3 97360.8 97233.3
17 104227.1 104088.2 101902.0 101764.2 99605.5 99468.9 97337.7 97202.4
18 104200.7 104054.1 101876.2 101730.5 99580.2 99435.9 97313.2 97170.1
19 104172.7 104017.8 101848.7 101695.3 99553.4 99401.3 97286.9 97136.0
20 104143.0 103980.0 101819.5 101658.1 99524.8 99365.0 97259.1 97100.5
21 104111.2 103940.6 101788.7 101619.6 99494.8 99327.0 97229.4 97063.3
22 104077.9 103899.5 101756.0 101579.1 99462.9 99287.4 97198.4 97024.6
23 104043.0 103856.7 101721.9 101537.2 99429.4 99246.2 97165.7 96984.1
24 104006.3 103812.2 101685.9 101493.4 99394.3 99203.6 97131.5 96942.3
25 103967.9 103765.6 101648.4 101447.9 99357.5 99158.9 97095.4 96899.0
26 103927.9 103717.6 101609.0 101400.8 99319.3 99112.7 97058.0 96853.2
27 103885.6 103667.8 101568.0 101351.9 99279.0 99064.9 97019.0 96806.6
28 103842.1 103616.3 101525.3 101301.5 99237.2 99015.5 96977.7 96757.0
29 103797.4 103563.8 101481.6 101249.6 99194.5 98965.0 96936.2 96708.8
30 103749.3 103507.9 101434.5 101195.2 99148.5 98911.3 96890.0 96656.1

aTransition frequencies are generated from experimental term values reported by Roncin et al. [1998, 1999]. The error in transition frequency is no more
than several tenth of 1 cm�1.
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tion [Lefebvre-Brion and Field, 2004]. In the equivalent
local-perturbation picture, the b 1Pu

e(4), b 1Pu
e(5) and c3

1Pu
e(0) levels are the primary rotational perturbers of the c04

1Su
+(0) level [Liu and Shemansky, 2006]. The 1Su

+ � 1Pu
e

coupling also provides the c04
1Su

+(0) levels with a primary,
Jj-dependent, predissociation mechanism by 1Pu(

e levels,
which, in turn, are predissociated by the C 3Pu and C0 3Pu

states via spin-orbit coupling [Lewis et al., 2005a, 2005b;
Haverd et al., 2005]. The lifetime of the Jj = 0 level of the
c04

1Su
+(0) state, therefore, is the predissociation-free lifetime.

[46] High-resolution photoabsorption measurements by
Stark et al. [1992, 2000, 2005] have shown, in many cases,
large deviations of the R:P-branch oscillator-strength ratio
from the corresponding Hönl-London factor ratio, and very
strong J-dependence of some Q-branch oscillator strengths.
The CSE calculation of Haverd et al. [2005] has achieved
very good agreement with experimental Q-branch oscillator
strengths for transitions to the 1Pu

f states. They attributed
any strong J-dependence of the vibronic oscillator strength
to the quantum interference caused by strong electrostatic
coupling within the 1Pu manifold. In addition to the
electrostatic coupling, the P- and R-branch transitions are
affected by 1Su

+ � 1Pu
e coupling. Liu and Shemansky

[2006], by considering the localized coupling among the
b0 1Su

+(1), c04
1Su

+(0), b 1Pu
e(4), b 1Pu

e(5) and c3
1Pu

e(0)
levels, have obtained accurate P- and R-branch oscillator
strengths for transitions between these levels and theX 1Sg

+(0)
level. Because of the strong J-dependence of the vibronic
oscillator strength for the three 1Pu

e levels, it was necessary
to use dipole matrix elements derived from the experimental
Q-branch oscillator strengths for the b 1Pu

f (4), b 1Pu
f (5), and

c3
1Pu

f (0) � X 1Sg
+(0) bands. However, as the dipole matrix

elements of the b 1Pu
f (4), b 1Pu

f (5), and c3
1Pu

f (0) � X 1Sg
+(vi

> 0) transitions cannot be computed from their diabatic
vibrational overlap integrals, the local-coupling model of
Liu and Shemansky [2006] cannot be extended to the vi > 0
levels of the X 1Sg

+ state. In this regard, the more sophis-
ticated CSE model employed here provides a more accurate
and versatile representation of the experimental results.
[47] The present experimental investigation has not

addressed the predissociation rate of the c04
1Su

+(0) level,
which is another important quantity for atmospheric mod-
eling. Even though the c04

1Su
+(0) level is known to be

predissociated by 1Su
+ � 1Pu

e coupling, no systematic
measurements on individual rotational levels have been
carried out, although Ubachs et al. [2001] have detected

Figure 4. Comparison of high-resolution experimental (solid line) and CSE-model (dotted line) e + N2

emission spectra for the c04
1Su

+(0) � X 1Sg
+(1) transition. The transition is labeled in standard notation

DJ(Ji) with appropriate upper electronic state designation. When the electronic designation is omitted, the
transition is assumed to be from the c04

1Su
+(0) � X 1Sg

+(1) band. When electronic label is b0, the transition
is from the b0 1Su

+(1) � X 1Sg
+(1) band. The experimental spectrum was obtained under essentially the

same conditions as those described by Liu et al. [2005a], except that the N2 pressure was (0.9 ± 0.1) �
10�4 Torr. The spectral resolution is �33 mÅ FWHM. A factor of �14 increase in N2 pressure from that
of Liu et al. [2005a] results in a decrease in rotational temperature from �300 K to �260 K. The
overlapping b0 1Su

+(7) � X 1Sg
+(3) emission, which peaks near the R-branch band head at 980 Å, is much

weaker that the c04
1Su

+(0) � X 1Sg
+(1) emission. Atomic nitrogen 2s2p4 2D � 2s22p3 2Do emission lines,

at 980.632 and 980.706 Å, are either absent or negligible.
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some J-dependence in the lifetime by using pump-probe
laser techniques without rotational resolution. While Liu et
al. [2005a] provided a crude estimate of the c04

1Su
+(0)

predissociation yields, their results were based on inter-
polation and extrapolation of the experimental lifetimes
of Ubachs et al. [2001] and application of the c04

1Su
+(0)

� X 1Sg
+(0) Franck-Condon factor of Whang et al. [1996],

both of which can lead to significant errors. In principle, the
predissociation yield of a (vj, Jj) level can be obtained as the
fraction of the total emission cross section from the level to
the excitation cross section to the level. The excitation cross
section of the c04

1Su
+(0) state can be obtained from the

excitation function measured by Ajello et al. [1989] and the
photoabsorption oscillator strength measured by Stark et al.
[2000, 2005], or calculated by the CSE method in the present
study. It can also be obtained directly from electron energy
loss work of Khakoo et al. [2007]. If the absolute emission
cross section of the c04

1Su
+(vj, Jj) level to the X 1Sg

+(0) level,
or an X 1Sg

+(vj > 0) level, can be measured accurately, the
transition probabilities calculated in the present study enable
a reliable evaluation of the total emission cross section. In this
way, both predissociation yield and total transition probabil-
ity, A(vj, Jj), can be determined. Work is in progress to

measure the absolute emission cross section of the c04
1Su

+(0) � X 1Sg
+(0) band under high-resolution and optically

thin conditions. After the measurements are completed, a
forthcoming article will present excitation cross sections and
compare the measured and CSE calculated predissociation
yields and emission cross sections of the c04

1Su
+(vj = 0, Jj)

levels.
[48] In summary, relative emission intensities for

the c04
1Su

+(0) � X 1Sg
+(1-3) bands of N2 have been de

termined accurately, using low-resolution electron-impact-
induced emission spectroscopy. A CSE-model analysis of the
experimental relative intensities and photoabsorption oscil-
lator strengths [Stark et al., 2000, 2005] has allowed the
determination of the diabatic c04

1Su
+ � X 1Sg

+ electronic
transition moment and calculation of the c04

1Su
+(0) �

X 1Sg
+(vi) and b0 1Su

+(1) � X 1Sg
+(vi) line transition proba-

bilities. The accuracy of the calculated transition probabilities
has been further verified by comparison with high-resolution
experimental emission spectra.
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